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Abstract
Adult neurogenesis has been established as a further mechanism of neural plasticity in the
adult nervous system, and numerous studies are beginning to provide insights into the functional purposes and consequences for this new mode of neuroadaptation. These studies have
approached the problem from a molecular scale, attempting to identify signaling factors that
regulate stem cell function, as well as a systems or behavioral level, attempting to establish correlative and potentially causal links between neurogenesis and behavior. These two approaches
have begun to reveal several potential functions for adult hippocampal neurogenesis, including adaptive roles in learning and memory, adaptation to novel environments, potential links
to depression and moods, and possible responses to injury. The further implementation and
convergence of these two approaches and the development of new methods to study the problem will yield further insights into both what are the many neuroadaptive roles of neurogenesis and potential means to harness it for neuroregeneration.
Index Entries: Neural progenitors; neural stem cells; adult neurogenesis; hippocampus;
fibroblast growth factor; depression.

It has only recently been established and widely
accepted that the central nervous system continually generates new neurons throughout adulthood,
and the field has now evolved into addressing two
fundamental sets of questions. First, what are the
mechanisms that regulate and control adult neurogenesis at the cellular and molecular levels? Second,

what are the biological purposes and consequences
of this additional mechanism for neural plasticity?
This article discusses how these questions can be
viewed as representing two closely related and
complementary approaches to understanding how
neurogenesis underlies the process of neuroadaptation in the adult.

*Author to whom all correspondence and reprint requests should be addressed. E-mail: schaffer@cchem.berkeley.edu.
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A Brief History of Adult Neurogenesis
in Mammals
Altman originally presented evidence for adult
neurogenesis in the early 1960s (Altman, 1965); however, this work, which was based on autoradiography and light microscopy of general cytological
stains, was not generally accepted. A decade later,
Kaplan combined autoradiography with much
higher resolution electron microscopy imaging to
demonstrate tritiated thymidine uptake into cells
that later exhibited definite neuronal morphology,
but again the results were not widely accepted. The
advent of more advanced cellular and molecular
techniques in the 1990s finally established the phenomenon. First, Weiss and colleagues isolated and
cultured rodent neural stem or progenitor cells from
the subventricular zone (SVZ) of the adult forebrain
and dentate gyrus of the hippocampal formation.
Multipotent cell differentiation into neurons, astrocytes, and oligodendrocytes in vitro was subsequently demonstrated (Lois and Alvarez-Buylla,
1993; Ray et al., 1993; Reynolds and Weiss, 1992). In
parallel, the development of immunostaining techniques enabled the simultaneous imaging of stem
cell proliferation and neuronal differentiation to
firmly establish the differentiation of new cells into
neurons in vivo. These techniques demonstrated
that higher primates and humans also exhibit adult
neurogenesis in the SVZ of the forebrain and in the
dentate gyrus (Eriksson et al., 1998; Gould, 1999c).
Finally, it has been established that newly generated neurons in the dentate gyrus are functional.
That is, they migrate into the granule cell layer, differentiate into granule neurons, extend the appropriate projections to the CA3 target area (Markakis
and Gage, 1999), and acquire electrophysiological
properties similar to those of neighboring, older
neurons (van Praag et al., 2002). In addition, there
is recent evidence that hippocampal stem cells of
the subgranular zone (SGZ) can also give rise to
functional inhibitory interneurons (Liu et al., 2003).
There are two approaches to elucidating the functional and neuroadaptive roles of adult neurogenesis. First, in light of the known functions of these
molecules in other contexts, a molecular approach
that identifies and analyzes the molecules and signaling mechanisms that regulate neurogenesis can
lead to insights into the potential functions of adult
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neurogenesis. Second, a systems-level approach can
endeavor to develop correlative or causal relationships between the rates of functional neurogenesis
and behavioral changes. These molecular and systems approaches analyze the problem from seemingly opposite perspectives; however, they provide
complementary and often converging data that are
beginning to yield hypotheses on the functional and
adaptive purposes of adult neurogenesis.

A Molecular Understanding
of Neurogenesis
Recent reviews have presented a solid, comprehensive list of molecules and factors that regulate
adult neurogenesis (Kempermann, 2002; Zhao et al.,
2003); this article instead focuses only on several
molecules whose role can lend insights into neurogenesis’ potential functions. Furthermore, the
authors focus primarily on the hippocampus,
because this is the region where neurogenesis is presumed to have the most impact on the neuroadaptive processes of learning and memory.
Creating a new neuron is a complex process composed of many steps, including stem cell proliferation, differentiation, and survival, and numerous
molecules and factors have been identified in vitro
and in vivo to regulate these steps (Fig. 1). The existence of numerous opportunities for molecular control over neurogenesis makes it a highly regulated
process, indicating that its tight control is important for hippocampal and central nervous system
(CNS) function.
Basic fibroblast growth factor (FGF-2) was the
first molecule identified to promote the proliferation of adult neural progenitor cells, because it was
necessary for their expansion in culture (Palmer et
al., 1995; Palmer et al., 1999; Ray et al., 1993). These
in vitro mitogenic effects of FGF-2 are mirrored in
vivo. An autocrine cofactor of FGF-2, a glycosylated
form of cystatin C, is necessary for its proliferative effects in vitro and in vivo (Taupin et al., 2000).
Furthermore, the rate of hippocampal neurogenesis declines with age (Kuhn et al., 1996), and intracerebroventricular FGF-2 infusion counteracts this
reduced neurogenesis (Jin et al., 2003). Additionally, FGF-2 and epidermal growth factor (EGF) infusions led to proliferation of an apparently new
population of neural progenitors in the posterior
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Fig. 1. A summary of molecular and systemic factors
that regulate the different stages of a hippocampal stem
cell’s life cycle. Only those factors discussed in this article are detailed. Color image available for viewing at
www.humanapress.com.

periventricle of the hippocampus, leading to generation of new CA1 neurons after global ischemia
(Nakatomi et al., 2002). Finally, FGF-2 may mediate
some of the effects of exercise, seizure, and ischemic
injury on neurogenesis, as discussed in the section
on Ischemic Injury and Seizure.
In addition to FGF-2, the authors have recently
shown that Sonic hedgehog (Shh), a factor well
known for its many roles in neural development,
also promotes neural progenitor proliferation in
vitro. Additionally, adeno-associated viral vector
delivery of Shh more than tripled hippocampal
progenitor proliferation and neurogenesis in vivo
(Lai et al., 2003). Interestingly, Shh is not detected
in the adult hippocampus but is expressed at high
levels in basal forebrain (Traiffort et al., 1999). The
basal forebrain sends numerous projections to
the hippocampus, and Shh undergoes anterograde
axonal transport (Traiffort et al., 2001). This raises
the possibility that the basal forebrain may regulate
hippocampal neurogenesis through Shh anterograde transport, and, in support of this possibility,
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fimbria-fornix lesion significantly reduces neurogenesis to a level not further reduced by a Shh signaling inhibitor (Lai et al., 2003). Not much is known
about the regulation of Shh expression beyond
development, because it was only recently shown
to be expressed in adulthood (Traiffort et al., 1999).
Therefore, further studies may reveal factors that
regulate basal forebrain regulation of Shh, thereby
yielding further insights into neurogenesis.
In addition to proliferation, another point of cellular regulation is differentiation, a process that is
better characterized for SVZ stem cells than for hippocampal cells. Bone morphogenetic proteins
(BMPs) promote astrocytic differentiation of embryonic SVZ progenitors (Gross et al., 1996). Furthermore, noggin binds to and inhibits BMP activity,
thereby permitting neuronal differentiation.
Alvarez-Buylla and colleagues found that the addition of recombinant noggin in vitro, as well as the
ectopic overexpression of noggin in the adult striatum,promoted the neuronal differentiation of SVZ
progenitors (Lim et al., 2000). Although noggin’s
role has not been explicitly studied in the adult hippocampus, several studies suggest its importance.
First, both the adult olfactory bulb and the hippocampus express high noggin levels (Lim et al.,
2000; Chmielnicki and Goldman, 2002). Furthermore, a recent study reports that Morris water maze
training apparently increases noggin expression in
the hippocampus (Fan et al., 2003), indicating a
potential role for noggin in the effects of physical
exercise and learning on hippocampal neurogenesis, as discussed further in the section on Learning
and Exercise.
Brain derived neurotrophic factor promotes neuronal differentiation of hippocampal progenitors in
vitro (Palmer et al., 1997; Takahashi et al., 1999),
although its precise role in vivo is not yet fully
elucidated. A brain-derived neurotrophic factor
(BDNF) heterozygous mutant mouse exhibited a
20% reduction in hippocampal stem cell proliferation (Lee et al., 2002). Furthermore, BDNF overexpression from an adenoviral vector led to
significantly enhanced neuronal differentiation
from SVZ neural progenitors (Benraiss et al., 2001).
However, long-term BDNF overexpression in the
hippocampus counteracted the increased neurogenesis observed in ischemic injury (Larsson et al.,
2002). Future studies may further clarify BDNF’s
contributions to hippocampal neurogenesis in the

Volume 5, 2004

4
normal vs injured brain. Also, this neurotrophin’s
well-recognized function as a mediator of synaptic
plasticity indicates that it may act as an intriguing
point of synergy between these two mechanisms of
neural adaptation (Thoenen, 1995). The regulation
of BDNF expression in vivo has been extensively
studied, and its modulation by antidepressants
and physical exercise is discussed in the section on
Stress and Depression.
A final point for the regulation of neurogenesis
is the survival of both newly divided and differentiated cells. Although both FGF-2 and Shh promote
both progenitor proliferation and survival in vitro
(Lai et al., 2003; Ray et al., 1993), molecular control
over cell survival has not been widely investigated
in vivo. Therefore, further studies are needed to elucidate the molecular mechanisms by which exercise
and potentially learning modulate cell survival, as
discussed in Learning and Exercise.
In addition to growth factors, morphogens, and
neurotrophins, signaling by neurotransmitters is
involved in regulating adult neurogenesis. Chronic
administration of serotonin reuptake inhibitors
promoted hippocampal stem cell proliferation
and survival, whereas lesion of serotonergic projections from the raphe nuclei significantly reduced
the accumulation of new hippocampal neurons
(Brezun and Daszuta, 1999, 2000; Gould, 1999a). In
addition, glutamate signaling regulates neurogenesis. Activation of N-methyl-D-aspartate (NMDA)
receptors repressed hippocampal neural stem cell
proliferation, and treatment with NMDA receptor
antagonists significantly upregulated stem cell proliferation, survival, and neuronal differentiation
(Cameron et al., 1995; Gould, 1997). However, in
animals that are subjected to ischemic injury, NMDA
receptor antagonists (but not α-amino-3-hydroxy5-methyl-4-isoxazole propionic acid [AMPA] receptor blockers) had the opposite effect and actually
counteracted the increased stem cell proliferation
normally observed after ischemia (Arvidsson et al.,
2001; Bernabeu and Sharp, 2000). Therefore, a complex combination of signals may regulate stem cell
function during ischemic injury.
The FGF, Shh, Noggin, and BDNF studies were
conducted both in vitro and in vivo to demonstrate
that these factors directly regulate neural stem and
progenitor cells (Laiet et al., 2003; Taupin et al., 2000;
Yoshimura et al., 2001). However, work with neurotransmitters has been conducted primarily only
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in vivo, and, therefore, their regulatory effects on
stem cells may be either direct or indirect. Further
work is required to elucidate the exact mechanisms
of their actions, but Lindvall and colleagues have
proposed that NMDA effects may be indirect, i.e.,
mediated by neurotransmitter-stimulated upregulation of growth factors such as FGF-2 and BDNF
(Arvidsson et al., 2001). The potential roles of neurotransmitter signaling in exercise, antidepressant
effects, and stress are further discussed below.

Systems Analyses
Learning and Exercise
As a parallel and complementary approach to
molecular and cellular analysis, studying the possible functional implications of hippocampal neurogenesis has yielded key information on its
relationships to the processes of learning, exercise,
stress responses, and injury. It has long been recognized that both general environment and specific
training improve performance in various cognitive,
learning, and motor tasks. For example, Hebb was
among the first to show the effects of environment
by demonstrating that animals’ housing conditions
can modulate their behavioral abilities (Hebb, 1947).
The anatomical basis for such improvements was
initially believed to rely solely on synaptic remodeling (reviewed in Churchill et al., 2002). Extensive
work does establish synaptic plasticity as a key
mechanism of neural adaptation; however, the
recent recognition of adult neurogenesis has naturally spurred investigation of whether this cellular
plasticity also contributes to neural adaptation.
It was first shown in 1997 that an enriched environment, one in which animals live in larger cages
with several objects that are changed and moved
often, dramatically enhances both the proliferation
and the survival of neural stem cells (Kempermann,
1997b). Interestingly, these two effects also varied
significantly with animal strain, emphasizing the
importance of genetic background (Kempermann,
1997a). In parallel with increased neurogenesis,
the animals performed better in a hippocampaldependent spatial learning task, the Morris water
maze. Furthermore, a subsequent study showed that
after an extended period in an enriched environment (10 mo), animals still exhibit a steady state twofold higher rate of proliferation and three-fold higher
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ratio of neuronal to astrocytic differentiation as compared control animals (Kempermann, 2002). This
result demonstrates that enhanced neurogenesis in
response to environmental enrichment is not a
transient phenomenon.
These studies establish a strong correlation
between neurogenesis, potential adaptive responses
to novel experiences, and subsequent performance
on learning tasks. However, the work raises three
additional questions: What component(s) of the
enriched environment stimulate(s) neurogenesis?
Are neurogenesis and environment causally linked
or simply correlated? and What molecular mechanisms underlie this cellular plasticity? To address
the first issue, van Praag et al. exposed mice to
numerous conditions, including the full enriched
environment, as well as focused training on a spatial learning task (water maze), a nonlearning swimming control condition, and voluntary exercise
(running wheel). Intriguingly, voluntary running
increased both hippocampal stem cell proliferation
and survival, whereas learning had no effect on
either (van Praag et al., 1999). By contrast, a study
with rats found that training in a hippocampusdependent learning task did not affect cell proliferation, but it doubled the survival of neurons born
before training began (Gould, 1999b). The contrasting results may be caused byexperimental differences, specifically the timing between injections
and training, which future work may resolve.
To directly demonstrate a causal link between
neurogenesis and enhanced performance in hippocampal-dependent tasks, it would be ideal to have
the capability to specifically block neurogenesis and
observe the consequences on learning. For example, a mitotic toxin (a DNA methylating agent) was
injected into rats at a dose that apparently depleted
newly born cells without seriously affecting overall health. The animals suffered deficits in trace conditioning, a hippocampal-dependent association
of stimuli separated in time (Shors, 2001). This
work was a first step toward establishing causal
ties between neurogenesis and learning, but the
methodology used may have affected all proliferating cell populations in the body; therefore, it was
unclear if the results were due to specific effects of
the toxin on hippocampal stem cells. An alternate
and somewhat more specific method to ablate proliferating cells from a more localized region was
used to probe the relationships between antide-
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pressants and neurogenesis (Santarelli et al., 2003),
as discussed in Stress and Depression.
Finally, numerous results have begun to bridge
the molecular and the systems approaches to analyzing neurogenesis, thereby yielding further
insights into both sets of studies. Exercise increases
FGF-2 expression in the hippocampus (GomezPinilla et al., 1997), implicating this stem cell mitogen as a possible mediator of the effects of voluntary
running on neurogenesis. Likewise, insulin-like
growth factor I (IGF-I) promotes hippocampal stem
cell proliferation in culture and when injected intravenously (reviewed in Anderson et al., 2002). Serum
IGF-I levels are elevated by exercise, indicating that
it also may mediate the effects of physical activity
on hippocampal neurogenesis (Trejo et al., 2001).
Furthermore, BDNF is upregulated in an enriched
environment and associated with improved spatial
memory (Falkenberg et al., 1992). Finally, serotonin
levels are also upregulated by exercise (Blomstrand
et al., 1989); therefore, the synergistic effects of multiple neurotransmitter and growth factor signaling
systems may mediate the effects of environmental
enrichment and exercise on neurogenesis.

Stress and Depression
Neurogenesis is enhanced by physical activity
and potentially by learning; however, it is reduced
by stress. In one study showing that neurogenesis
could be modulated by environmental and physiological conditions, Gould et al. subjected tree
shrews to psychosocial stress, specifically the establishment of a dominant/subordinate relationship
between two competing males, and found that this
stress reduced hippocampal stem cell proliferation
dramatically (Gould et al., 1997). Subsequent work
indicated that such effects may be mediated by
stress-induced increases in serum glucocorticoids
(Tanapat et al., 1998). Furthermore, BDNF may also
be involved in this regulation, because its expression is reduced in the hippocampus in response to
stress and glucocorticoids (Smith et al., 1995).
The implications of these and similar findings
have been broadened into the concept that reduced
hippocampal neurogenesis may underlie periodic
episodes of depression (reviewed in Jacobs et al.,
2000, and Kempermann, 2002). Stress, which is often
associated with depression, reduces neurogenesis
(Gould et al., 1997; Tanapat et al., 1998). Conversely,
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exercise, which promotes neurogenesis (van Praag
et al., 1999), counteracts depression. In addition,
increasing brain serotonergic signaling is currently
the most effective treatment for depression, and
numerous pharmacological interventions for depression aim to do so by inhibiting serotonin reuptake.
As discussed above, serotonergic signaling is associated with enhanced neurogenesis (Brezun and
Daszuta, 1999, 2000; Gould, 1999a). Furthermore,
antidepressants upregulate hippocampal expression
of BDNF, and exercise enhances this effect (RussoNeustadt et al., 2001). BDNF regulates neural stem
cell proliferation (Lee et al., 2002) and neuronal differentiation (Palmer et al., 1997).
Again, an effective approach to establish a causal
link between neurogenesis and a behavior would
be to analyze the effects of a hippocampal stem cell
inhibition or ablation on that behavior. An intriguing recent study presented more direct evidence for
the role of neurogenesis in mediating the effects of
antidepressants (Santarelli et al., 2003). The serotonin reuptake inhibitor fluoxetine (Prozac) promotes neurogenesis and reduced anxiety, but
serotonin 1A receptor mutant mice were incapable
of exhibiting either of these responses. Furthermore,
X-ray irradiation of the hippocampus, which kills
hippocampal progenitors (Parent et al., 1999),
blocked the antidepressants’ effects. This study adds
to the strong evidence supporting a role for reduced
neurogenesis in depression. However, radiation
results in a general hippocampal dysfunction,
including reduced progenitor proliferation,
increased glial differentiation, and disruption of
angiogenesis (Monje et al., 2002). Therefore, an even
more direct and causal demonstration must await
the development of more specific means to manipulate neural stem cell function in situ.

Ischemic Injury and Seizure
Neurogenesis is upregulated in response to hippocampal ischemia and seizure, raising speculation
that it may be involved in neural regeneration from
these injuries. Transient, global forebrain ischemia
significantly stimulated SGZ stem cell proliferation,
survival, and neuronal differentiation (Liu et al.,
1998; Takagi et al., 1999). SGZ stem cell proliferation was also significantly upregulated after stroke
induced by middle cerebral artery occlusion
(Arvidsson et al., 2001; Komitova et al., 2002). In
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another injury model, hippocampal seizure induced
by compounds including pilocarpine and kainic
acid also significantly increase proliferation and, in
some cases, neuronal differentiation (Gray and
Sundstrom, 1998; Parent and Yu et al., 1997; Parent
and Tada et al., 1999).
Several potential molecular mediators of these
responses to injury have been implicated. First,
FGF-2 expression is upregulated in the hippocampus upon seizure or ischemic injury, and upregulation of neurogenesis upon brain injury is not
observed in FGF-2 mutant mice (Yoshimura et al.,
2001). Second, erythropoietin, which is upregulated
as part of the normal hypoxic response, promotes
the neuronal differentiation of SVZ progenitors in
vitro and increases the number of olfactory bulb
interneurons at the cost of proliferating progenitors
in the SVZ (Shingo et al., 2001). However, erythropoietin has not been studied in the hippocampus.
Despite this ample evidence of upregulated stem
cell proliferation, survival, and neuronal differentiation in the injured brain, it is unclear whether
these effects serve as a specific mechanism for injury
recovery or are simply a byproduct of widespread
growth factor and cytokine secretion during injury.
In one study, neurogenesis replaced only a small
fraction of dead neurons (0.2%), and most of the
new cells died within several weeks (Arvidsson et
al., 2002), indicating that neurogenesis may be a
potentially serendipitous side effect. However,
regardless of whether the phenomenon is specific
or inadvertent, the effect could be further enhanced
and harnessed for neuroregeneration efforts.

Summary
Neurogenesis is a potentially powerful mechanism of cellular plasticity that complements synaptic plasticity as means for neuroadaptation. Research
in this area has nucleated with two efforts: the identification of signaling factors that control neural
stem and progenitor cell survival, proliferation, and
differentiation, and the relationships among neurogenesis, learning, exercise, depression, and injury.
These endeavors have converged with the identification of molecular signals that may underlie the
effects of exercise and injury on neurogenesis. Furthermore, the spectrum of efforts will continue to
expand. For example, little is known about the intra-
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cellular signal transduction mechanisms that control stem cell functions, and the development of techniques, such as inducible recombination, to directly
manipulate neural stem cells in situ may be valuable for establishing causal links between neurogenesis and behavioral adaptation (Kaspar et al.,
2002). Finally, this basic work will likely lead to both
behavioral and molecular therapies in order to harness and manipulate this mechanism of neuroadaptation for both neural regeneration and
counteracting the effects of aging.
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